The onset of monami -the synchronous waving of sea grass beds driven by a steady flowis modeled as a linear instability of the flow. Our model treats the drag exerted by the grass in establishing the steady flow profile, and in damping out perturbations to it. This damping leads to a finite threshold flow for the instability, which agrees with experimental observations. This role of vegetation drag differentiates our mechanism from the previous hypothesis that the Kelvin-Helmholtz instability underlies monami.
) on the vegetation density parameter RÑ g is shown in the inset.
force f . This drag enters the fluid mass and momentum balance equations as ∇ · u = 0, ρ (u t + u.∇u) = −∇p + µ∇ 2 u + f + ρg
where ρ is the fluid density, u the velocity, p the pressure, µ the dynamic eddy viscosity and g the acceleration due to gravity. The Reynolds number of the flow based on the scale of the grass blade is O(10 2 − 10 3 ); therefore, neglecting the skin friction, we model it as the form drag on the vegetation, f = N g C N ρu|u|dx [5, 11, 13] , where N g is the blade number density per unit horizontal area, C N the drag coefficient, and d the average blade width projected perpendicular to the flow. In the interest of simplicity, we model the turbulence using an eddy viscosity. In the field, both C N , N g and µ vary with position, but we do not expect these variations to be central to the instability mechanism, and therefore take them to be constants. Based on previous experiments [13, 17] , we take C N = 1.
We first calculate the fully developed steady flow u = U (y)x driven by constant pressure gradient dP/dx as a solution of (1). Such a flow satisfies
where S(y) = 1 in the grass bed (0 < y < h g ) and S(y) = 0 above it (h g < y < 2H). Eq. (2) is solved subject to no shear at the boundaries, i.e., U (0) = U (2H) = 0. The former arises because, in the case of dense vegetation, the shear stress exerted by the bottom surface is expected to be negligible compared to the vegetation drag [13] , whereas the latter is due to the free interface. This expectation is verified by a comparison, shown in Fig. 1 , of the steady flow profile from the solution of (2) with experimental measurements. The profile U (y) has three distinct regions. Within vegetation, it is approximately uniform
, arising from the balance between drag and pressure gradient.
Outside the vegetation, the velocity has a simple parabolic profile due to the balance between viscous forces and the pressure gradient. At the grass top, continuity of shear stresses results in a boundary layer of thickness δ. Because this boundary layer develops from purely local dynamics, independent of the influence of the boundaries, we identify it to be analogous to the free shear layer [5, 10] in the previous explanation of monami. Denoting U bl to be the velocity scale in the boundary layer, and U 0 = (dP/dx) H 2 /µ the velocity scale in the unvegetated region, the balance of the viscous forces and the vegetation drag
, and the continuity of shear stress across the grass top implies (U bl /δ ∼ U 0 /H), Solving for δ and U bl yields δ/H = U bl /U 0 = (RÑ g ) −1/3 , wherẽ
) is the vegetation frontal area per bed area, and R = ρU 0 H/µ is the Reynolds number of the flow. This dependence of the boundary layer thickness on the vegetation density N g , verified in Fig. 1 , gives us a way to systematically investigate its effect on the instability mechanism. The figure also shows that the asymptotic regime of a thin boundary layer is expected to hold for RÑ g 100. In this notation,
Next we substitute u = (U +ũ,ṽ), p = P +p in (1) and expand to linear order to investigate the evolution of small perturbations (ũ,ṽ), which obey
where the tilde are dropped. These equations can be non-dimensionalized using half channel height H, velocity U 0 , and the associated advection time H/U 0 , leading to three nondimensional parameters, viz. R,Ñ g , and the submergence ratio of the vegetation h g /H.
We also use δ/H in lieu ofÑ g to parametrize the vegetation density and help elucidate the mechanism of the instability. With these scalings, and using a stream function ψ with u = ψ y , v = −ψ x to satisfy mass balance, we seek a wave solution of the form
where D = d/dy, and subject to the boundary conditions Dφ = D 2 φ = 0 at y = 0 and y = 2. The growth rate σ for a given wave number k appears as an eigenvalue that allows a non-trivial solution φ of (3).
A threshold in R, above which the flow is unstable (Re(σ) > 0) for at least one k, emerges from the solution of (3). The dependence of this threshold R, and the corresponding marginally stable wavenumber k, on δ/H and h g /H is shown in Fig. 2 , and is found to compare well with experimental observations [10] . The threshold Reynolds number increases with the vegetation density, indicating a competition between the destabilizing shear in the flow, and the stabilizing effect of damping due to vegetation drag. A similar conclusion was presented [18] for flow around an emergent (i.e., h g > 2H) sea grass patch, but by assuming U (y) to be a tanh-profile, and neglecting the viscous term. Previous calculations for terrestrial grass differ from our work as they either exclude the vegetation drag in their models [16] , or assume the mean velocity profile ad hoc [15, 16] . They have not reported a threshold flow condition.
Comparison of the frequency (Im(σ)) of the fastest growing mode with experimentally observed frequencies in lab scale experiments, for cases where the vegetation was sufficiently dense to be modeled by a continuum drag field, is also shown in the inset in Fig. 2b . The observed frequencies are associated with the peaks in velocity spectra, frequency of mon-
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The experimentally observed monami wavelengths are not available for comparison.
To better understand the mechanism of waving and the origin of the threshold, we consider the behavior of the instability as a function of the vegetation drag characterized bỹ N g . The fastest growing wavenumber first increases proportional to H/δ, but at a critical vegetation density discontinuously jumps and remains O(1) (see Fig. 2 ). To aid in explaining this behavior, we show heat maps of Re(σ) as a function of R and k, for different h g /H and N g in Fig. 3 . The lowest R on the neutral curve (Re(σ) = 0) sets the threshold. We observe that asÑ g increases, the unstable region splits into two; we refer to the unstable region with the higher k as "Mode 1", and the one with the lower k as "Mode 2". The unstable region for Mode 1, depending on h g /H either recedes to higher R or shrinks to zero size, as the vegetation density increases, causing the most unstable mode to transition discontinuously.
The distinct asymptotic behavior of the two modes asÑ g 1 allows us to understand the mechanism of the instability. g ) leading to a simplification of (3) as Fig. 2 ). This analysis also concludes that the mode structure is self-similar over the length scale δ for fixed R/Ñ 1/2 g ; the verification of this expectation is shown in Fig. 4 , supporting this argument.
On the other hand, the threshold condition for Mode 2 is numerically observed to be Fig. 2 , which can be understood by an asymptotic scaling analysis of (3) by assuming R 1 but fixed R/Ñ g ∼ O(1). In this limit
Since R/Ñ g is the only remaining parameter, the mode shape converges in the aforementioned limit, in agreement with our numerical results for Mode 2 shown in Fig. 4 . We interpret Mode 2 as the instability of an inviscid flow, with the vegetation modeled by a continuum drag field, and for which the boundary layer near the top of the vegetation plays no role. The only remaining parameter R/Ñ g sets the threshold, leading to the asymptotic behavior R ∝Ñ g (or R ∼ (δ/H) −3/2 ). Table I compares the two modes to each other, and to the Kelvin-Helmholtz instability.
Because the eigenfunction of Mode 1 is localized over a length scale δ, it may be interpreted as the instability of the flow in the boundary layer, whereas Mode 2 may be understood as the instability on the scale of the water column. Mode 1 appears to be superficially similar to the Kelvin Helmholtz mechanism, whereas Mode 2 arises purely from the interaction between the unvegetated water column and the flow through the vegetation. Vegetation drag plays a dominant role in the mechanism for both the modes, which distinguishes our analysis from the traditional Kelvin-Helmholtz instability. The appearance of the vegetation drag parameter in the dominant balances represented by (4) and (5), and the resulting threshold criteria demonstrates its role in setting the threshold.
Similarly observed large amplitude coherent oscillation of terrestrial canopies in atmospheric flow is known as honami [9, 16] . A crucial difference between the atmospheric and aquatic flow is that the atmospheric flows are essentially unbounded vertically [13, 17 ]. Another major difference between the two is the considerable difference of stiffness; terrestrial vegetation tends to be much more rigid, whereas aquatic vegetation is buoyant [10, 17] .
Despite these differences, in the framework of our model, the limit of h g /H 1 while δ/h g = constant can be used to represent the hydrodynamic instability for the terrestrial case with stiff grass blades. We find that in this case, the transition from Mode 1 to Mode 2 happens at such a large vegetation density, so as to make Mode 2 irrelevant. In this manner,
we recover the Kelvin-Helmholtz-like characteristics observed in the terrestrial case.
We now test the assumption of a undeformable grass bed due to the restoring force of buoyancy, using a simple criteria that the buoyancy time scale be much shorter than the longer than the hydrodynamic time scale. We have, however, neither accounted for the prefactors appearing in the scaling argument, nor have we considered cases when the time-scale separation is not so evident. Indeed, the case where these time-scales are comparable can lead to interesting behavior [15] , and motivates further investigation.
The deviation of our model predictions from the observed may be attributed to the various simplifications we have made in our model. In real meadows, the drag coefficients are known to vary from bottom to tip of the grass blades [13, 17] . The turbulence model for the flow through the meadow can also be improved from one with constant eddy viscosity [5, 10] .
Although these model improvements might lead to a better agreement between the observed and the predicted quantities, the dominance of the physical processes depicted in (4) and (5), and therefore our main conclusions, are expected to remain.
In conclusion, we show that the hydrodynamic instability underlying monami differs from the traditional Kelvin-Helmholtz due to the presence of the vegetation drag. The threshold flow condition observed in the field and in lab experiments arises due to the presence of this drag. While further investigation is needed to understand the sensitivity of the results to the various simplifying assumptions made in our model, the agreement with experiments is encouraging. The spatial structure of the instability modes has direct implications for transport in the grass bed; Mode 1 instability likely leads to enhanced transport near the grass tips as has been observed [5, 14] , while Mode 2 instability influences the whole water column. Our analysis also informs flow structure formation in many other related scenarios, such as flow over coral reefs, permeable sediments, flow through urban environments and therefore is expected to have a wider impact.
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